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Adult hippocampal neurogenesis results in the continuous formation of new neurons
and is a process of brain plasticity involved in learning and memory. The neurogenic
niche regulates the stem cell proliferation and the differentiation and survival of new
neurons and a major contributor to the neurogenic niche are astrocytes. Among the
molecules secreted by astrocytes, D-serine is an important gliotransmitter and is a
co-agonist of the glutamate, N-methyl-D-aspartate (NMDA) receptor. D-serine has been
shown to enhance the proliferation of neural stem cells in vitro, but its effect on adult
neurogenesis in vivo is unknown. Here, we tested the effect of exogenous administration
of D-serine on adult neurogenesis in the mouse dentate gyrus. We found that 1
week of treatment with D-serine increased cell proliferation in vivo and in vitro and
increased the density of neural stem cells and transit amplifying progenitors. Furthermore,
D-serine increased the survival of newborn neurons. Together, these results indicate that
D-serine treatment resulted in the improvement of several steps of adult neurogenesis
in vivo.
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INTRODUCTION
Adult mammalian neurogenesis results in the formation of
new neurons principally in the olfactory bulb and the dentate
gyrus (DG) of the hippocampus (Altman, 1969). The process
of hippocampal neurogenesis consists in several steps: (1) Cell
proliferation: Neural stem cells reside in the subgranular zone
(SGZ) of the DG, have a radial glia-like (RGL) morphology
and express the glial fibrillary acidic protein (GFAP) and nestin.
They give rise to GFAP-negative, nestin-positive, Tbr2-positive
transit-amplifying progenitors (TAP) (Gage, 2000; Yao et al.,
2012). These highly proliferative TAPs then give rise to neu-
roblasts. (2) The differentiation of the newly formed cells into
neuronal lineage by the expression of the immature neuronal
marker doublecortin (DCX) followed by the mature neuronal
marker Neu-N, the cell polarization and extension of den-
drites and axons (Gage, 2000; Van Praag et al., 2002; Laplagne
et al., 2006; Yao et al., 2012). (3) The migration of the new
neurons into the granule cell layer. (4) The activity-dependent
survival of the newly formed neurons (Tashiro et al., 2006).
(5) Their functional integration into the hippocampal network
(Toni et al., 2007, 2008; Toni and Sultan, 2011) and participa-
tion to mechanisms of learning and memory (Aimone et al.,
2010).
Each of these steps is highly regulated by signals within the
stem cells’ specialized environment, called the neurogenic niche.
The niche is constituted by several cell types, including astro-
cytes, the stem cell’s progenies, oligodendrocytes, endothelial
cells, microglia, mature and immature neurons (Shihabuddin
et al., 2000; Song et al., 2002; Zhao et al., 2008; Bonaguidi
et al., 2011). All together these cells release specific factors, like
Transforming Growth Factor-β (TGF-β) (Kreutzberg, 1996a,b),
basic Fibroblast Growth Factor (bFGF) (Wagner et al., 1999),
Vascular Endothelial Growth Factor (VEGF) and also Brain
Derived Neurotrophic Factor (BDNF) (Bergami et al., 2008;
Lee and Son, 2009), which are all involved in the regula-
tion of the niche homeostasis. Of particular interest, astrocytes
seem to play a special role in the regulation of the neuro-
genic niche, by expressing membrane-associated or secreted
pro-neurogenic factors involved in the proliferation or neu-
ronal differentiation of adult neural stem cells (Song et al.,
2002; Lie et al., 2005; Platel et al., 2010; Ashton et al.,
2012).
A particularly interesting factor secreted by astrocytes, D-
serine is abundant in the hippocampus and especially in hip-
pocampal astrocytes (Schell et al., 1995) where it is stored in
vesicles (Bergersen et al., 2012; Martineau et al., 2013). D-serine
is a co-agonist of the NMDA receptor (Mothet et al., 2000)
and its calcium-dependent release participates to the expres-
sion of long-term potentiation (LTP) in the hippocampus (Yang
et al., 2003; Henneberger et al., 2010). D-serine crosses the
blood-brain barrier, since the exogenous administration of D-
serine increases extracellular and intracellular brain D-serine
levels (Pernot et al., 2012). Interestingly, D-serine administration
enables LTP (Bashir et al., 1990; Oliver et al., 1990; Watanabe
et al., 1992; Duffy et al., 2008) and can reverse the aging-
related deficits in LTP expression and learning performances
(Mothet et al., 2006; Devito et al., 2011), suggesting that D-serine
could be targeted as a cognitive enhancer (Collingridge et al.,
2013).
Here, we investigated the effect of exogenous D-serine admin-
istration on adult neurogenesis. We found that administration for
8 days increased cell proliferation, the number of RGL cells and
the number of TAPs in the dentate gyrus of adult mice. Similarly,
in vitro, D-serine increased the number of stem/progenitor
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cells. Finally, when administered during the fourth week
after cell division, D-serine increased the survival of new
neurons.
EXPERIMENTAL PROCEDURES
ANIMALS AND D-SERINE ADMINISTRATION
All experimental protocols were approved by the Swiss ani-
mal experimentation authorities (Service de la consommation
et des affaires vétérinaires, Chemin des Boveresses 155, 1066;
Epalinges, Switzerland, permit number: 2301). Every effort was
made to minimize the number of animals used and their suf-
fering. Animals used for the study were adult male of 8 weeks
of age at the beginning of the experiment. All animals were
housed in a 12 h light/12 h dark cycle with free access to
food and water and controlled temperature (22◦C) conditions.
C57Bl/6j mice were purchased from Janvier (le Genest Saint
Isle, France), nestin-GFP mice were a kind gift from the labo-
ratory of K. Mori (PRESTO, Kyoto, Japan) (Yamaguchi et al.,
2000). These mice express the green fluorescent protein (GFP)
under the stem cell-specific promoter nestin. GFAP-GFP mice
were a kind gift from the laboratory of Helmut Kettenmann
(Max-Delbruck center, Berlin, Germany) (Nolte et al., 2001).
They express GFP under the control of the astrocyte-specific
promoter GFAP. D-serine was prepared fresh every day and
diluted in water containing 0.9% NaCl. Mice were injected
intraperitoneally every day with 50mg/kg of D-serine (Sigma-
Aldrich) for 8 consecutive days or with vehicle (0.9% NaCl in
water).
BrdU ADMINISTRATION AND IMMUNOHISTOCHEMISTRY
Mice were injected intraperitoneally with 5-bromo-2-
deoxyuridine (BrdU, Sigma-Aldrich, Buchs, Switzerland) at
a concentration of 100mg/kg in saline, 3 times at 2-h inter-
vals. Two hours after the last injection, mice were sacrificed
to examine cell proliferation (Mandyam et al., 2007; Taupin,
2007; Yang et al., 2011; Gao and Chen, 2013; Sultan et al.,
2013). Briefly, mice were injected intraperitoneally with a lethal
dose of pentobarbital (10mL/kg, Sigma, Switzerland) and then
perfused with 50ml of 0.9% saline solution followed by 100mL
of 4% paraformaldehyde (Sigma-Aldrich, USA) dissolved in
0.1M Phosphate Saline Buffer (PBS, pH 7.4). Their brains were
dissected, postfixed overnight at 4◦C, cryoprotected 24 h in 30%
sucrose solution (Sigma-Aldrich, USA) and rapidly frozen. Then
coronal sections were performed at a thickness of 40μm with
a microtome-cryostat (Leica MC 3050S) and slices were stored
in cryoprotectant (30% ethylene glycol and 25% glycerin in
PBS 0.1M) at −20◦C until processing for immunostaining as
previously described (Thuret et al., 2009). Immunochemistry
was performed on every 6th sections of the dentate gyrus. Briefly,
sections were washed 3 times in PBS 0.1M and blocking of
non-specific binding was achieved by incubating in PBS 0.1M
containing 0.3% Triton-X 100 and 10% normal serum. BrdU
immunohistochemistry was preceded by DNA denaturation
by incubation in formic acid 50% formamide/ 50% 2X SSC
buffer (2X SSC is 0.3M NaCl and 0.03M sodium citrate, pH
7.0) at 65◦C for 2 h, rinsed twice in 2X SSC buffer, incubated in
2M HCl for 30min at 37◦C, and rinsed in 0.1M borate buffer
pH 8.5 for 10min. Then, sections were incubated at 4◦C with
one of the following primary antibodies: mouse monoclonal
anti-BrdU (48 h, 1:250, Chemicon International, Dietikon,
Switzerland), goat anti-DCX (1:500, Santa Cruz biotechnology,
sc-8066), rabbit anti-Ki-67 (48 h, 1:200, Abcam, ab15580), rabbit
anti-Tbr2 (1:200, Abcam, ab23345), rabbit anti-GFAP (1:500,
Invitrogen, 180063) mouse anti-Neu-N (Chemicon interna-
tional 1:1000). Sections were then incubated for 2 h at room
temperature with the following fluorescent secondary antibody:
goat anti-mouse Alexa-594 (1:250, Invitrogen), goat anti-rabbit
594 (1:250, Invitrogen), donkey anti-goat Alexa-555 (1:250
Invitrogen). After immunostaining, one minute incubation of
slices into 4,6 diamidino-2-phenylindole (DAPI) was used to
reveal nuclei.
IMAGE ANALYSIS
Images were collected with a Zeiss confocal microscope (Zeiss
LSM 710 Quasar Carl Zeiss, Oberkochen, Germany) and cell
counts were performed using stereology, as previously described
(Thuret et al., 2009). Briefly, for each animal, a 1-in-6 series
of section between −1.3 and −2.9mm from the Bregma was
stained with the nucleus marker DAPI and used to measure
the volume of the granule cell layer. The granule cell area was
traced using Axiovision (Zeiss, Germany) software and the gran-
ule cell reference volume was determined by multiplying the area
of the granule cell layer by the distance between the sections
sampled (240μm). All cells were counted in the entire thick-
ness of the sections in a 1-in-6 series of section (240μm apart)
with a 40× objective. All cells were counted blind with regard
to the mouse status. The number of immunolabeled cells was
then related to granule cell layer sectional volume and multi-
plied by the reference volume to estimate the total number of
immunolabeled cells. Cells expressing BrdU, Ki-67, DCX or Tbr2
were counted in the granule cell layer, whereas cells expressing
GFAP (Figures 3C,D) were counted in the whole dentate gyrus.
BrdU colocalization with the neuronal marker Neu-N was ana-
lyzed by confocal microscopy and was confirmed on single optical
sections, for 50–60 cells per animal. The proportion of double-
labeled cells was then obtained for each animal and then averaged
for each group.
CELL CULTURE
Astroyctes primary culture: Cerebral cortices from 3 postna-
tal day 0 (P0) rats were mechanically dissociated for homog-
enization, cells were pooled and seeded onto 75 cm2 flasks
in Dulbecco’s Modified Eagle Medium (DMEM) glutamax
(Invitrogen, USA), 15% foetal bovine serum with peni-
cillin/streptomycin (Invitrogen, USA). Cells were grown for
10–12 days in a humidified 5% CO2 incubator at 37◦C. At con-
fluence, flasks were shaken at 250 rpm on an orbital shaker for
2 h to remove microglia. Adult neural progenitor cells (NPCs)
expressing the red fluorescent protein (RFP) are a kind gift from
the laboratory of Fred Gage (Salk Institute, San Diego, USA).
They were originally isolated from the dentate gyrus of adult
Fisher 344 rats and cultured as previously described (Ray and
Gage, 2006). RFP expressing NPCs were plated on coated 12mm
coverslips in a 24-well culture plate, at a density of 2,000,000
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cells/mL (80μL per well). Medium was changed daily and sup-
plemented with 2μM FGF2. Three wells per condition were
used. In a first experiment, the effect of D-serine was tested
on NPCs and then, in a second, independent experiment, on
NPCs-astrocytes co-cultures. Twenty-four hours after plating, the
medium was replaced by fresh culture medium, and then treated
daily with D-serine (50μM, diluted in culture media) during
8 days. Control cultures were treated with the same volume of
vehicle. After this, cells were fixed with 4% paraformaldehyde
for 20min, washed and the coverslips were immunostained and
mounted.
In vitro CELL QUANTIFICATION
Images were acquired using confocal microscopy. The number
of RFP+ and GFAP+ cells was counted in 4 selected fields, sys-
tematically placed in the same positions relative to the coverslips’
edges. The total number of cells was divided by the total area of
the selected fields to obtain an average cell density per well that
was then multiplied by the total surface area of the coverslip to
obtain an estimate of the total number of cells per coverslip. This
number of cells was then compared to the number of cells that
were plated in the wells to obtain a percentage of increase in cell
number (Gebara et al., 2013).
STATISTICAL ANALYSIS
Hypothesis testing was two-tailed. All analyses were performed
using JMP10 software. First, Shapiro-Wilk tests were performed
on each group of data to test for distribution normality. The
distribution was normal for all data. The analysis was per-
formed using parametric tests (One-Way ANOVA followed by
a post hoc bilateral Student’s t-test). For two-sample compar-
isons, the equality of variances of the groups was tested and
the adequate unpaired t-test was used. Data is presented as
mean ± SEM.
RESULTS
D-SERINE INCREASED CELL PROLIFERATION IN THE DENTATE GYRUS
We first examined the effect of D-serine on cell proliferation in
the dentate gyrus of adult C57Bl/6 mice. Eight-week-old mice
were injected with one daily intraperitonal injection of D-serine
(50mg/kg), for 8 days, as this regimen is known to increase extra-
cellular D-serine brain levels (Fukushima et al., 2004; Ferraris
et al., 2008) and improve learning performances in mice (Bado
et al., 2011; Filali and Lalonde, 2013) (Figure 1A). Control mice
were injected with the same volume of the vehicle (0.9% NaCl),
or received no injection. One day after the last injection, all
mice received 3 intraperitoneal injections of the cell prolifer-
ation tracer BrdU (100mg/kg) at 2-h intervals and were sac-
rificed 2 h after the last BrdU injection. Brains were sectioned
and immunostained for BrdU and the proliferation marker
Ki-67 and the number of immunoreactive cells was counted
in the granule cell layer of the dentate gyrus. D-serine injec-
tions significantly increased the number of BrdU-expressing cells
[Figures 1B,C, One-Way ANOVA, F(2, 11) = 20.64, p < 0.001;
post-hoc bilateral Student’s t-test between groups p < 0.001] and
the number of Ki-67-expressing cells [Figures 1D,E, One-Way
ANOVA, F(2, 11) = 24.90, p < 0.001; post-hoc bilateral Student’s
t-test between groups, p < 0.001]. To test whether the D-serine-
induced increase in cell proliferation was specific to the den-
tate gyrus, we counted the number of Ki-67-expressing cells in
the S1 area of the somatosensory cortex. D-serine treatment
did not change the density of Ki-67+ cells in the somatosen-
sory cortex (NaCl: 2.54 ± 0.14 × 10−6 cells/μm3 vs. D-serine:
2.83 ± 0.28 × 10−6 cells/μm3, Student’s t-test p = 0.3). No dif-
ference was found between non-injected and NaCl-injected ani-
mals (post-hoc bilateral Student’s t-test p = 0.21 for BrdU+ cells
and p = 0.58 for Ki-67+ cells). To test whether the increased
number of BrdU- or Ki-67-expressing cells could be caused
by a change in hippocampal volume upon D-serine treatment,
we measured the volume of the granule cell layer of all mice.
We did not detect any difference between treated and control
animals [One-Way ANOVA, F(2, 11) = 2.20, p = 0.166, control
animals: 0.17 ± 0.006mm3, animals injected with NaCl 0.18 ±
0.04mm3, injected with D-serine 0.17 ± 0.03mm3 respectively,
n = 4 animals per group], indicating that the increased num-
bers of BrdU and Ki-67 cells reflected an increase in cell
proliferation.
We then examined the effect of D-serine on the main prolif-
erative cells in the SGZ: the type-1 radial glia-like (RGL) stem
cells and TAPs (TAPs; Figures 2, 3). To identify RGL cells, we
used a transgenic mouse expressing GFP under the stem cell-
specific promoter nestin (Yamaguchi et al., 2000). GFP-expressing
RGL cells of the dentate gyrus were readily identifiable by their
morphology, consisting of a nucleus located in the subgranu-
lar zone, a large processes extending through the granule cell
layer and branching into the proximal part of the molecular
layer (Kriegstein and Alvarez-Buylla, 2009), (Figure 2B). With
immunostaining, we confirmed that these cells expressed nestin,
GFAP, and sox-2 (data not shown). D-serine treatment sig-
nificantly increased the number of RGL cells in the dentate
gyrus as compared to control or vehicle treatment [Figure 2A,
One-Way ANOVA, F(2, 11) = 90.36, p < 0.001; post-hoc bilateral
Student’s t-test between groups p < 0.001]. RGL cells were also
identified in GFAP-GFP mice (Nolte et al., 2001; Figure 2D).
Similarly, in GFAP-GFP mice, D-serine induced an increase
in RGL cell number in the subgranular zone [Figures 2C,D,
One-Way ANOVA, F(2, 11) = 35.20, p < 0.001; post-hoc bilateral
Student’s t-test between groups p < 0.001]. Here too, we did
not detect any difference in the volume of the granule cell layer
between treated and control animals in both nestin-GFP and
GFAP-GFP mice [nestin-GFP mice: One-Way ANOVA, F(2, 11) =
0.34, p = 0.7 and GFAP-GFP mice One-Way ANOVA, F(2, 11) =
1.6, p = 0.24, respectively n = 4 animals per group]. To exam-
ine whether the proliferation potential of the RGL cells was
modified by treatment, we labeled GFAP-GFP mice with the
proliferation marker Ki-67. We analyzed 4 mice per group and
a total of 615 RGL cells for the D-serine group and 317RGL
cells for the NaCl group. D-serine treatment showed a signif-
icant increase of the percentage RGL cells that expressed Ki-
67 as compared to NaCl treatment (Data not shown, D-serine
treatment 5.54% ± 0.15 vs. NaCl 4.16% ± 0.43, Student’s t-test
p < 0.05).
We next examined the effect of D-serine on TAPs identi-
fied by immunohistochemistry against T-brain gene-2 (Hodge
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FIGURE 1 | D-serine increased cell proliferation in the dentate
gyrus. (A) Experimental timeline: Mice were injected intraperitoneally
every day with 50mg/kg of D-serine, for 8 consecutive days. One day
after the last injection, mice were pulsed with BrdU (100mg/kg,
3 injections every 2 h) and, 2 h later, euthanized and prepared for
immunohistochemistry. (B) Histogram showing the number of
BrdU-expressing cells per dentate gyrus of animals injected with
D-serine, NaCl or not injected (Ctrl). Animals: n = 4 per group. (C)
Confocal maximal projection micrographs of hippocampal sections
immunostained for BrdU in the two injected groups (D-serine and
NaCl). Inset: Higher magnification micrograph of a BrdU-expressing cell.
(D) Histogram showing the number of Ki-67–expressing cells. Animals:
n = 4 per group. (E) Confocal maximal projection micrographs of
hippocampal sections immunostained for Ki-67 in the two experimental
groups (D-serine and NaCl). Inset: Higher magnification micrograph of
Ki-67-expressing cells. Blue: Dapi staining. Each value represents the
mean ± SEM; post-hoc bilateral Student’s t-test, (∗∗∗p < 0.001), N.S.,
non-significant (p > 0.05). Scale bar: 100μm, insets 10μm.
et al., 2008). D-serine significantly increased the number of
Tbr2-expressing cells in the granule cell layer [Figures 3A,B,
One-Way ANOVA, F(2, 11) = 7.18, p = 0.013; post-hoc bilateral
Student’s t-test between groups p < 0.01]. The effect was spe-
cific to proliferating cells, since D-serine treatment did not change
the number of GFAP-immunolabeled astrocytes of the whole
dentate gyrus, i.e., including hilus, granule cell layer and molec-
ular layer [Figures 3C,D, One-Way ANOVA, F(2, 11) = 0.54, p =
0.59]. Together, these results indicate that D-serine increased cell
proliferation in the SGZ and increased the number of RGL cells
and TAPs.
FIGURE 2 | D-serine increased the number of RGL cells. (A) Histogram
showing the number of RGL cells per dentate gyrus of nestin-GFP mice
injected with D-serine, NaCl or not injected (Ctrl). Animals n = 4 per
group. (B) Confocal maximal projection micrographs of hippocampal
sections in the two injected groups (D-serine and NaCl). Inset: higher
magnification confocal micrograph of a RGL cell. (C) Histograms showing
the number of RGL cells in the dentate gyrus of GFAP-GFP mice injected
with D-serine, NaCl and in control, non-injected animals (Ctrl). Animals:
n = 4 animals per groups. (D) Confocal maximal projection micrographs
of hippocampal sections from the two experimental groups. Inset: higher
magnification micrograph of a RGL cell. Blue: Dapi staining. Each value
represents the mean ± SEM; post-hoc bilateral Student’s t-test,
(∗∗∗p < 0.001), N.S., non-significant (p > 0.05). Scale bar: 100μm.
Insets 10μm.
D-SERINE INCREASED THE PROLIFERATION OF NPCs in vitro
To test the effect of D-serine directly on progenitor cells, we per-
formed in vitro experiments on purified NPCs. We plated the
same number of RFP-expressing NPCs from the adult dentate
gyrus in each well, treated them for 8 days with D-serine (50μM,
daily) or vehicle (culture medium) and then counted the number
of remaining NPCs, that we then expressed as the proportion of
increase in cell number from the plated cell number. D-serine sig-
nificantly increased the number of NPCs (Figures 4A,B, bilateral
Student’s t-test p < 0.001). On another set of experiments, we
tested the effect of D-serine on NPCs in presence of astrocytes, by
examining the effect of D-serine on co-cultures of astrocytes with
NPCs. Similarly to purified cultures, co-cultures treated for 8 days
with D-serine showed a greater number of NPCs (Figures 4C,E,
bilateral Student’s t-test p < 0.01). However, the number of
GFAP-immunolabeled astrocytes remained unchanged as com-
pared to control co-cultures (Figures 4D,E, bilateral Student’s
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FIGURE 3 | D-serine increased the number of Tbr-2-expressing cells. (A)
Histogram showing the number of Tbr2-expressing cells in the granule cell
layer of the dentate gyrus of mice injected with D-serine or NaCl and in
control, non-injected animals (Ctrl). Animals: n = 4 animals per group. (B)
Confocal maximal projection micrographs of hippocampal sections
immunostained for Tbr2 from the two injected groups. Inset: higher
magnification micrograph of Tbr-2-immunolabeled cells. (C) Histogram
showing the number of GFAP-expressing cells per dentate gyrus of injected
mice (D-serine and NaCl) and in control, non-injected animals (Ctrl).
Animals: n = 4 per groups. (D) Confocal maximal projection micrographs of
hippocampal sections immunostained for GFAP from the two experimental
groups. Inset: higher magnification micrograph of a GFAP-immunostained
cell. Blue: Dapi staining. Each value represents the mean ± SEM; post-hoc
bilateral Student’s t-test, (∗∗p < 0.01), N.S., Non-significant (p > 0.05). Scale
bar: 100μm, insets 10μm.
t-test p = 0.19). Thus, D-serine increased the number of NPCs,
but not of astrocytes.
D-SERINE INCREASED THE NUMBER OF IMMATURE NEURONS AND
THE SURVIVAL OF NEWBORN NEURONS
Next, to test whether D-serine affected neuronal differentiation
and survival, we examined the number of immature neurons and
the fate of the dividing cells, which matured under a D-serine
treatment. Adult mice were injected with BrdU (intraperitoneal
at 100mg/kg, 3 injections at 2-h intervals) and were treated
with D-serine from 22 to 29 days after the last BrdU injec-
tion. One day after the last injection, mice were sacrificed and
brain sections were immunostained for the immature neuronal
marker doublecortin (DCX), the mature neuronal marker Neu-N
and BrdU (Figure 5). D-serine significantly increased the num-
ber of DCX-expressing cells [Figures 5B,C, One-Way ANOVA,
F(2, 11) = 227.30, p < 0.001; post-hoc bilateral Student’s t-test
FIGURE 4 | D-serine increased the number of NPCs in vitro. (A)
Histogram of the increase in NPCs number (% of the number of plated
cells), upon treatment with D-serine or vehicle. (B) Confocal maximal
projection micrographs of RFP-expressing NPCs for each condition. (C,D)
Histograms showing the proportion of increase in NPCs (C) and in
GFAP-expressing astrocytes (D) in co-cultures treated with D-serine or
vehicle. (E) Confocal maximal projection micrographs of NPCs-Astrocytes
co-cultures in the two conditions. Each value represents the mean ± SEM;
post-hoc bilateral Student’s t- test, (∗∗∗p < 0.001, ∗∗p < 0.01), N.S.,
non-significant (p > 0.05). Scale bars: 100μm.
p < 0.001], whereas the volume of the granule cell layer did
not change between groups [one-way ANOVA, F(2, 11) = 1.51,
p = 0.27]. In order to test whether the D-serine treatment also
increased the proliferation of neuroblasts, we immunostained for
DCX and Ki-67 and measured the percentage of double labeled
cells. Compared to NaCl, D-serine treatment showed no signifi-
cant difference in the proportion of DCX-expressing cells which
also expressed Ki-67 (NaCl 5.72% ± 0.85 vs. D-serine 4.36% ±
0.73, Student’s t-test p = 0.33, data not shown). Thus, D-serine
increased the number of immature neurons but not the prolifer-
ation of neuroblasts. The number of BrdU-labeled cells was sig-
nificantly increased in D-serine injected animals [Figures 5D,E,
One-Way ANOVA, F(2, 11) = 10.73, p < 0.01; post-hoc bilateral
Student’s t-test p < 0.01], indicating an effect of D-serine on the
survival of newborn cells. Finally, we examined differentiation
of new cells into neuronal lineage by measuring the proportion
of BrdU-labeled cells that also expressed Neu-N (Figures 5F,G).
In control and NaCl mice, neurons accounted respectively for
86 ± 2% and 85 ± 1.7% of the surviving BrdU-positive cells
as compared to 91 ± 1% in D-serine-treated mice [One-Way
ANOVA, F(2, 8) = 1.8, p = 0.24], indicating that D-serine did
not significantly increase neuronal differentiation. When the
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FIGURE 5 | D-serine increased the number of DCX-expressing cells and
the survival of new neurons. (A) Experimental timeline: Mice were injected
with BrdU (100mg/kg) 3 times at 2 h interval. Twenty-one days later, mice
received one injection of D-serine (50mg/kg) every day for 8 consecutive
days. One day after the last injection, mice were euthanized and prepared for
histology. (B) Histogram showing the number of DCX-immunolabeled cells in
the dentate gyrus of mice injected with D-serine or NaCl and in control,
non-injected animals (Ctrl). Animals: n = 4 per groups. (C) Confocal maximal
projection micrographs of hippocampal sections immunostained for DCX
from the two experimental groups. Inset: higher magnification micrograph of
a DCX-immunolabeled group of cells. (D) Histogram of the number of
BrdU-immunolabeled cells in the dentate gyrus of mice injected with
D-serine or NaCl and non-injected animals (Ctrl). Animals: n = 4 per groups.
(E) Confocal maximal projection micrographs of hippocampal sections
immunostained for BrdU from the two experimental groups. (F) Histogram
showing the number of new born neurons in the dentate gyrus of each
group. Animals: n = 4 per group. (G) Single optical section confocal
micrograph of BrdU- and Neu-N-immunolabeled cells in the dentate gyrus.
Inset: higher magnification confocal micrograph of a BrdU-labeled cell
expressing Neu-N. Blue: dapi staining. Each value represents the mean ±
SEM; post-hoc bilateral Student’s t-test (∗∗p < 0.01, ∗∗∗p < 0.001), N.S.,
non-significant (p > 0.05). Scale bars: 100μm, insets 10μm.
number of surviving cells was multiplied by the fraction of
cells that differentiated into neurons, we found that D-serine-
treated mice had 39.8 ± 1.1% more newly-formed neurons than
non-treated mice [Figure 5F, One-Way ANOVA F(2, 11) = 16.67,
p < 0.001; post-hoc bilateral Student’s t-test p < 0.001]. Thus,
D-serine treatment during the fourth week after cell division
increased the survival of new neurons, but did not modify their
differentiation.
DISCUSSION
In this study, we tested the effect of repeated injections of D-serine
on hippocampal adult neurogenesis. We found that in vivo, 8 days
of D-serine administration increased cell proliferation as well as
the number of both RGL cells (type-1) and TAP cells (type-2) and
slightly increased the proliferation of RGL cells. D-serine applied
to adult hippocampal neural progenitors in culture also increased
cell number suggesting a direct effect of D-serine on adult NSCs.
Finally, when administered during the critical phase for activity-
dependent survival, D-serine increased the survival of newborn
neurons. Since this critical phase lasts until the end of the first
month after cell division (Kempermann et al., 2003), the surviv-
ing neurons observed after D-serine treatment are expected to
survive throughout the entire life of the animals. Thus, D-serine
increased adult neurogenesis by acting on several steps of this pro-
cess and may result in long-lasting changes in the granule cell
layer.
Together, these results are relevant to the effect of D-serine
on learning and memory. Indeed, newborn neurons in the
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hippocampus are involved in hippocampal dependent learning
and memory (Dupret et al., 2007; Ming and Song, 2011; Gu
et al., 2012). The performances of animals in hippocampal-
learning tasks are highly correlated with the rate of adult neu-
rogenesis in the hippocampus. For example, voluntary running
strongly increases the proliferation of adult neural stem cells
in the dentate gyrus and newborn neurons survival (Van Praag
et al., 1999b; Snyder et al., 2009) and improves the perfor-
mance of animals in a water maze (Van Praag et al., 1999a).
Inversely, ablation studies lead to decreased performances in
hippocampal-dependent learning (Saxe et al., 2006; Dupret et al.,
2007; Imayoshi et al., 2008; Massa et al., 2011; Lemaire et al.,
2012) and more recently, the optogenetic inactivation or stimula-
tion of new neurons induced memory deficits or improvements,
respectively (Alonso et al., 2012; Gu et al., 2012). Thus, by
increasing neurogenesis, D-serine may improve learning perfor-
mances. Further behavioral experiments combined with D-serine
treatment and ablation of neurogenesis will enable to test the
role of adult neurogenesis in the D-serine-mediated learning
improvements.
The effect of D-serine on neuronal survival is consistent with
the role of NMDA receptor activation in the survival of adult-
born neurone: Neurons generated during adulthood undergo a
critical time-window for their survival during the third week after
cell division, during which the cell-specific knockout of the NR1
subunit in adult-born neurons dramatically decreases their sur-
vival (Tashiro et al., 2006). Inversely, increased activity correlates
with increased survival (Kempermann et al., 1998), an effect that
may be due to glutamate, since this neurotransmitter enhances
neuronal survival (Platel et al., 2010; Kelsch et al., 2012) and
D-aspartate, a NMDA receptor agonist produced by newborn
neurons, induces the dendritic maturation and survival of these
cells (Kim et al., 2010). Thus, the effect of D-serine on new neu-
rons survival may be mediated by an increase in NMDA receptors
activity on these cells.
In contrast, the mechanism of action of D-serine on cell
proliferation remains less clear and could be mediated by an
indirect effect of D-serine on hippocampal network activity or
by a direct effect on neural stem/progenitor cells, or both. In
favor of the former possibility, adult NSCs proliferation and
newborn neurons survival are tightly regulated by hippocampal
network activity: High frequency stimulations of the perforant
path increase NSCs proliferation and newborn neurons sur-
vival (Bruel-Jungerman et al., 2006; Chun et al., 2006; Stone
et al., 2011). Moreover, mice placed in an enriched environ-
ment showed an increase of both proliferation and survival of
newborn neurons in the DG (Kempermann et al., 1997; Van
Praag et al., 2000; Tashiro et al., 2007). Inversely, a decrease in
neuronal activity decreases neurogenesis (Li et al., 2009; Sun
et al., 2009; Krzisch et al., 2013). Thus, by increasing NMDA-
dependent neuronal activity (Wake et al., 2001; Xie et al., 2005),
D-serine treatment could result in increased cell proliferation.
Alternatively, in favor of the hypothesis of a direct action of D-
serine on the NMDA receptors of stem/progenitor cells, studies
using electrophysiological recordings have shown that RGL cells
express NMDA receptors (Wang et al., 2005; Nacher et al., 2007)
and our experiments showed that D-serine increased RGL cells
proliferation in vivo and NPCs proliferation in vitro. However,
previous studies have shown that, in the SGZ, NSC prolifer-
ation is strongly decreased by NMDAR activation (Cameron
et al., 1995). Furthermore, a recent study (Huang et al., 2012)
showed that D-serine treatment did not change the prolifera-
tion of early progenitor cells in vitro, although the discrepancy
between this earlier study and our observations may arise from
the treatment duration (48 h vs. 8 days, respectively) or the
origin of the cells (mouse vs. rat). Thus, the mode of action
of D-serine remains unclear and the insight gained in vitro
studies for the understanding of the regulation of the neuro-
genic niche remains limited and, further in vivo experiments
using cell autonomous approaches will be necessary to deter-
mine the origin and the targets of D-serine in the neurogenic
niche.
Together, our results indicate that D-serine administration
increases the proliferation of stem/progenitor cells and the sur-
vival of new neurons. It remains, however, unclear whether
in vivo, D-serine release plays a role in the regulation of adult neu-
rogenesis. (Huang et al., 2012) have shown that stem/progenitor
cells in the subventricular zone release D-serine and that a block-
ade of D-serine synthesis reduces cell proliferation in vitro, sug-
gesting an autocrine regulation mechanism. However, D-serine
has been reported to be secreted by other cells, including astro-
cytes and neurons (Radzishevsky et al., 2013). Of particular
interest, the release of D-serine from astrocytes is triggered by
the activation of astrocytic AMPA/kainate receptors (Schell et al.,
1995). In the hippocampus, astrocytic territories span tens of
micrometers (Bushong et al., 2002) and can extend from the hilus
or the molecular layer to the subgranular zone of the dentate
gyrus. These cells are therefore ideally located to relay signaling
between synaptic activity and the neurogenic niche. Although
still speculative, the controlled release of D-serine by astrocytes
in the neurogenic niche may be a mechanism coupling neuronal
activity in specific territories of the dentate gyrus with the local
proliferation of stem/progenitor cells. Future experiments aimed
at interfering with astrocytic D-serine synthesis or release may
shed light on the regulation of endogenous D-serine in the adult
hippocampus and on the processes regulating adult neurogenesis.
These mechanisms are relevant to our understanding of the reg-
ulation of adult neurogenesis and its use as a target for cognitive
impairment.
AUTHOR CONTRIBUTIONS
Conceived and designed the experiments: Sebastien Sultan, Elias
G. Gebara and Nicolas Toni. Performed the experiments: Elias G.
Gebara, Sebastien Sultan and Kristell Moullec. Analyzed the data:
Sebastien Sultan and Elias G. Gebara. Wrote the paper: Sebastien
Sultan, Elias G. Gebara and Nicolas Toni.
ACKNOWLEDGMENTS
Images acquisition was performed at the Cellular Imaging Facility
of the university of Lausanne (Lausanne, Switzerland). This work
was supported by the Swiss National Science Foundation, grant
No: PP0033-119026.
www.frontiersin.org August 2013 | Volume 7 | Article 155 | 7
Sultan et al. D-serine increases adult hippocampal neurogenesis
REFERENCES
Aimone, J. B., Deng, W., and Gage,
F. H. (2010). Adult neuroge-
nesis: integrating theories and
separating functions. Trends
Cogn. Sci. 14, 325–337. doi:
10.1016/j.tics.2010.04.003
Alonso, M., Lepousez, G., Sebastien,
W., Bardy, C., Gabellec, M. M.,
Torquet, N., et al. (2012). Activation
of adult-born neurons facil-
itates learning and memory.
Nat. Neurosci. 15, 897–904. doi:
10.1038/nn.3108
Altman, J. (1969). Autoradiographic
and histological studies of postnatal
neurogenesis. 3. Dating the time of
production and onset of differenti-
ation of cerebellar microneurons in
rats. J. Comp. Neurol. 136, 269–293.
doi: 10.1002/cne.901360303
Ashton, R. S., Conway, A., Pangarkar,
C., Bergen, J., Lim, K. I., Shah,
P., et al. (2012). Astrocytes reg-
ulate adult hippocampal neuroge-
nesis through ephrin-B signaling.
Nat. Neurosci. 15, 1399–1406. doi:
10.1038/nn.3212
Bado, P., Madeira, C., Vargas-Lopes, C.,
Moulin, T. C., Wasilewska-Sampaio,
A. P., Maretti, L., et al. (2011).
Effects of low-dose D-serine on
recognition and working memory
in mice. Psychopharmacology 218,
461–470. doi: 10.1007/s00213-011-
2330-4
Bashir, Z. I., Tam, B., and Collingridge,
G. L. (1990). Activation of the
glycine site in the NMDA recep-
tor is necessary for the induc-
tion of LTP. Neurosci. Lett. 108,
261–266. doi: 10.1016/0304-3940
(90)90651-O
Bergami, M., Rimondini, R., Santi, S.,
Blum, R., Gotz, M., and Canossa,
M. (2008). Deletion of TrkB in
adult progenitors alters newborn
neuron integration into hippocam-
pal circuits and increases anxiety-
like behavior. Proc. Natl. Acad.
Sci. U.S.A. 105, 15570–15575. doi:
10.1073/pnas.0803702105
Bergersen, L. H., Morland, C., Ormel,
L., Rinholm, J. E., Larsson,
M., Wold, J. F., et al. (2012).
Immunogold detection of L-
glutamate and D-serine in small
synaptic-like microvesicles in
adult hippocampal astrocytes.
Cereb. Cortex 22, 1690–1697. doi:
10.1093/cercor/bhr254
Bonaguidi, M. A., Wheeler, M. A.,
Shapiro, J. S., Stadel, R. P., Sun,
G. J., Ming, G. L., et al. (2011).
In vivo clonal analysis reveals
self-renewing and multipotent
adult neural stem cell character-
istics. Cell 145, 1142–1155. doi:
10.1016/j.cell.2011.05.024
Bruel-Jungerman, E., Davis, S.,
Rampon, C., and Laroche, S.
(2006). Long-term potentia-
tion enhances neurogenesis
in the adult dentate gyrus.
J. Neurosci. 26, 5888–5893. doi:
10.1523/JNEUROSCI.0782-06.2006
Bushong, E. A., Martone, M. E., Jones,
Y. Z., and Ellisman, M. H. (2002).
Protoplasmic astrocytes in CA1
stratum radiatum occupy separate
anatomical domains. J. Neurosci. 22,
183–192.
Cameron, H. A., McEwen, B. S., and
Gould, E. (1995). Regulation of
adult neurogenesis by excitatory
input and NMDA receptor activa-
tion in the dentate gyrus. J. Neurosci.
15, 4687–4692.
Chun, S. K., Sun, W., Park, J.
J., and Jung, M. W. (2006).
Enhanced proliferation of pro-
genitor cells following long-term
potentiation induction in the
rat dentate gyrus. Neurobiol.
Learn. Mem. 86, 322–329. doi:
10.1016/j.nlm.2006.05.005
Collingridge, G. L., Volianskis, A.,
Bannister, N., France, G., Hanna,
L., Mercier, M., et al. (2013).
The NMDA receptor as a tar-
get for cognitive enhancement.
Neuropharmacology 64, 13–26. doi:
10.1016/j.neuropharm.2012.06.051
Devito, L. M., Balu, D. T., Kanter, B.
R., Lykken, C., Basu, A. C., Coyle,
J. T., et al. (2011). Serine race-
mase deletion disrupts memory for
order and alters cortical dendritic
morphology. Genes Brain Behav.
10, 210–222. doi: 10.1111/j.1601-
183X.2010.00656.x
Duffy, S., Labrie, V., and Roder, J.
C. (2008). D-serine augments
NMDA-NR2B receptor-dependent
hippocampal long-term depres-
sion and spatial reversal learning.
Neuropsychopharmacology 33,
1004–1018. doi: 10.1038/sj.npp.
1301486
Dupret, D., Fabre, A., Döbrössy, M.
D., Panatier, A., Rodríguez, J. J.,
Lamarque, S., et al. (2007). Spatial
learning depends on both the addi-
tion and removal of new hippocam-
pal neurons. PLoS Biol. 5:e214. doi:
10.1371/journal.pbio.0050214
Ferraris, D., Duvall, B., Ko, Y. S.,
Thomas, A. G., Rojas, C., Majer,
P., et al. (2008). Synthesis and
biological evaluation of D-
amino acid oxidase inhibitors.
J. Med. Chem. 51, 3357–3359. doi:
10.1021/jm800200u
Filali, M., and Lalonde, R. (2013). The
effects of subchronic d-serine on
left-right discrimination learning,
social interaction, and exploratory
activity in APPswe/PS1 mice. Eur.
J. Pharmacol. 701, 152–158. doi:
10.1016/j.ejphar.2012.12.018
Fukushima, T., Kawai, J., Imai, K., and
Toyo’oka, T. (2004). Simultaneous
determination of D- and L-serine in
rat brain microdialysis sample using
a column-switching HPLC with
fluorimetric detection. Biomed.
Chromatogr. 18, 813–819. doi:
10.1002/bmc.394
Gage, F. H. (2000). Mammalian neural
stem cells. Science 287, 1433–1438.
doi: 10.1126/science.287.5457.1433
Gao, X., and Chen, J. (2013). Moderate
traumatic brain injury promotes
neural precursor proliferation
without increasing neurogene-
sis in the adult hippocampus.
Exp. Neurol. 239, 38–48. doi:
10.1016/j.expneurol.2012.09.012
Gebara, E. G., Sultan, S., Kocher-
Braissant, J., and Toni, N. (2013).
Adult hippocampal neurogenesis
inversely correlates with microglia
in conditions of voluntary running
and aging. Front. Neurosci. 7:145.
doi: 10.3389/fnins.2013.00145
Gu, Y., Arruda-Carvalho, M., Wang,
J., Janoschka, S. R., Josselyn, S.
A., Frankland, P. W., et al. (2012).
Optical controlling reveals time-
dependent roles for adult-born den-
tate granule cells. Nat. Neurosci. 15,
1700–1706. doi: 10.1038/nn.3260
Henneberger, C., Papouin, T., Oliet,
S. H., and Rusakov, D. A. (2010).
Long-term potentiation depends on
release of D-serine from astro-
cytes. Nature 463, 232–236. doi:
10.1038/nature08673
Hodge, R. D., Kowalczyk, T. D., Wolf,
S. A., Encinas, J. M., Rippey, C.,
Enikolopov, G., et al. (2008).
Intermediate progenitors in adult
hippocampal neurogenesis: tbr2
expression and coordinate reg-
ulation of neuronal output.
J. Neurosci. 28, 3707–3717. doi:
10.1523/JNEUROSCI.4280-07.2008
Huang, X., Kong, H., Tang, M.,
Lu, M., Ding, J. H., and Hu,
G. (2012). D-Serine regulates
proliferation and neuronal dif-
ferentiation of neural stem cells
from postnatal mouse forebrain.
CNS Neurosci. Ther. 18, 4–13. doi:
10.1111/j.1755-5949.2011.00276.x
Imayoshi, I., Sakamoto, M., Ohtsuka,
T., Takao, K., Miyakawa, T.,
Yamaguchi, M., et al. (2008).
Roles of continuous neurogenesis
in the structural and functional
integrity of the adult forebrain.
Nat. Neurosci. 11, 1153–1161. doi:
10.1038/nn.2185
Kelsch, W., Li, Z., Eliava, M.,
Goengrich, C., and Monyer,
H. (2012). GluN2B-containing
NMDA receptors promote
wiring of adult-born neurons
into olfactory bulb circuits.
J. Neurosci. 32, 12603–12611. doi:
10.1523/JNEUROSCI.1459-12.2012
Kempermann, G., Gast, D.,
Kronenberg, G., Yamaguchi,
M., and Gage, F. H. (2003). Early
determination and long-term per-
sistence of adult-generated new
neurons in the hippocampus of
mice. Development 130, 391–399.
doi: 10.1242/dev.00203
Kempermann, G., Kuhn, H. G., and
Gage, F. H. (1997). More hip-
pocampal neurons in adult mice
living in an enriched environ-
ment. Nature 386, 493–495. doi:
10.1038/386493a0
Kempermann, G., Kuhn, H. G., and
Gage, F. H. (1998). Experience-
induced neurogenesis in the senes-
cent dentate gyrus. J. Neurosci. 18,
3206–3212.
Kim, P. M., Duan, X., Huang, A. S., Liu,
C. Y., Ming, G. L., Song, H., et al.
(2010). Aspartate racemase, gener-
ating neuronal D-aspartate, regu-
lates adult neurogenesis. Proc. Natl.
Acad. Sci. U.S.A. 107, 3175–3179.
doi: 10.1073/pnas.0914706107
Kreutzberg, G. W. (1996a). Microglia: a
sensor for pathological events in the
CNS. Trends Neurosci. 19, 312–318.
doi: 10.1016/0166-2236(96)10049-7
Kreutzberg, G. W. (1996b). Principles
of neuronal regeneration. Acta
Neurochir. Suppl. 66, 103–106.
Kriegstein, A., and Alvarez-Buylla,
A. (2009). The glial nature of
embryonic and adult neural stem
cells. Annu. Rev. Neurosci. 32,
149–184. doi: 10.1146/annurev.
neuro.051508.135600
Krzisch, M., Sultan, S., Sandell,
J., Demeter, K., Vutskits,
L., and Toni, N. (2013).
Propofol Anesthesia impairs
the maturation and survival of
adult-born hippocampal neurons.
Anesthesiology 118, 602–610. doi:
10.1097/ALN.0b013e3182815948
Laplagne, D. A., Espósito, M. S.,
Piatti, V. C., Morgenstern, N.
A., Zhao, C., Van Praag, H.,
et al. (2006). Functional conver-
gence of neurons generated in
the developing and adult hip-
pocampus. PLoS Biol. 4:e409. doi:
10.1371/journal.pbio.0040409
Lee, E., and Son, H. (2009). Adult
hippocampal neurogenesis and
related neurotrophic factors.
BMB Rep. 42, 239–244. doi:
10.5483/BMBRep.2009.42.5.239
Lemaire, V., Tronel, S., Montaron,
M. F., Fabre, A., Dugast, E.,
and Abrous, D. N. (2012).
Long-lasting plasticity of hip-
pocampal adult-born neurons.
Frontiers in Neuroscience | Neurogenesis August 2013 | Volume 7 | Article 155 | 8
Sultan et al. D-serine increases adult hippocampal neurogenesis
J. Neurosci. 32, 3101–3108. doi:
10.1523/JNEUROSCI.4731-11.2012
Li, G., Bien-Ly, N., Andrews-Zwilling,
Y., Xu, Q., Bernardo, A., Ring,
K., et al. (2009). GABAergic
interneuron dysfunction impairs
hippocampal neurogenesis in adult
apolipoprotein E4 knockin mice.
Cell Stem Cell 5, 634–645. doi:
10.1016/j.stem.2009.10.015
Lie, D. C., Colamarino, S. A., Song, H.
J., Desire, L., Mira, H., Consiglio,
A., et al. (2005). Wnt signalling reg-
ulates adult hippocampal neuroge-
nesis. Nature 437, 1370–1375. doi:
10.1038/nature04108
Mandyam, C. D., Harburg, G. C., and
Eisch, A. J. (2007). Determination of
key aspects of precursor cell prolif-
eration, cell cycle length and kinetics
in the adult mouse subgranular
zone. Neuroscience 146, 108–122.
doi: 10.1016/j.neuroscience.2006.
12.064
Martineau, M., Shi, T., Puyal, J.,
Knolhoff, A.M., Dulong, J., Gasnier,
B., et al. (2013). Storage and uptake
of D-serine into astrocytic synaptic-
like vesicles specify gliotransmis-
sion. J. Neurosci. 33, 3413–3423.
doi: 10.1523/JNEUROSCI.3497-12.
2013
Massa, F., Koehl, M., Wiesner, T.,
Grosjean, N., Revest, J. M., Piazza,
P. V., et al. (2011). Conditional
reduction of adult neurogenesis
impairs bidirectional hippocampal
synaptic plasticity. Proc. Natl. Acad.
Sci. U.S.A. 108, 6644–6649. doi:
10.1073/pnas.1016928108
Ming, G. L., and Song, H. (2011).
Adult neurogenesis in the
mammalian brain: significant
answers and significant ques-
tions. Neuron 70, 687–702. doi:
10.1016/j.neuron.2011.05.001
Mothet, J. P., Parent, A. T., Wolosker,
H., Brady, R. O., Jr., Linden,
D. J., et al. (2000). D-serine is
an endogenous ligand for the
glycine site of the N-methyl-D-
aspartate receptor. Proc. Natl. Acad.
Sci. U.S.A. 97, 4926–4931. doi:
10.1073/pnas.97.9.4926
Mothet, J. P., Rouaud, E., Sinet, P. M.,
Potier, B., Jouvenceau, A., Dutar, P.,
et al. (2006). A critical role for the
glial-derived neuromodulator D-
serine in the age-related deficits of
cellular mechanisms of learning and
memory. Aging Cell 5, 267–274. doi:
10.1111/j.1474-9726.2006.00216.x
Nacher, J., Varea, E., Miguel Blasco-
Ibanez, J., Gomez-Climent,
M. A., Castillo-Gomez, E.,
Crespo, C., et al. (2007). N-
methyl-d-aspartate receptor
expression during adult neuro-
genesis in the rat dentate gyrus.
Neuroscience 144, 855–864. doi:
10.1016/j.neuroscience.2006.10.021
Nolte, C., Matyash, M., Pivneva,
T., Schipke, C. G., Ohlemeyer,
C., Hanisch, U. K., et al. (2001).
GFAP promoter-controlled EGFP-
expressing transgenic mice: a tool to
visualize astrocytes and astrogliosis
in living brain tissue. Glia 33,
72–86.
Oliver, M. W., Kessler, M., Larson,
J., Schottler, F., and Lynch,
G. (1990). Glycine site associ-
ated with the NMDA receptor
modulates long-term potentia-
tion. Synapse. 5, 265–270. doi:
10.1002/syn.890050403
Pernot, P., Maucler, C., Tholance,
Y., Vasylieva, N., Debilly, G.,
Pollegioni, L., et al. (2012). d-Serine
diffusion through the blood-brain
barrier: effect on d-serine com-
partmentalization and storage.
Neurochem. Int. 60, 837–845. doi:
10.1016/j.neuint.2012.03.008
Platel, J. C., Dave, K. A., Gordon,
V., Lacar, B., Rubio, M. E., and
Bordey, A. (2010). NMDA recep-
tors activated by subventricular
zone astrocytic glutamate are
critical for neuroblast survival
prior to entering a synaptic net-
work. Neuron 65, 859–872. doi:
10.1016/j.neuron.2010.03.009
Radzishevsky, I., Sason, H.,
and Wolosker, H. (2013).
D-serine: physiology and pathol-
ogy. Curr. Opin. Clin. Nutr.
Metab. Care 16, 72–75. doi:
10.1097/MCO.0b013e32835a3466
Ray, J., and Gage, F. H. (2006).
Differential properties of adult
rat and mouse brain-derived neu-
ral stem/progenitor cells. Mol.
Cell. Neurosci. 31, 560–573. doi:
10.1016/j.mcn.2005.11.010
Saxe, M. D., Battaglia, F., Wang, J.
W., Malleret, G., David, D. J.,
Monckton, J. E., et al. (2006).
Ablation of hippocampal neuroge-
nesis impairs contextual fear con-
ditioning and synaptic plasticity in
the dentate gyrus. Proc. Natl. Acad.
Sci. U.S.A. 103, 17501–17506. doi:
10.1073/pnas.0607207103
Schell, M. J., Molliver, M. E.,
and Snyder, S. H. (1995). D-
serine, an endogenous synaptic
modulator: localization to astro-
cytes and glutamate-stimulated
release. Proc. Natl. Acad. Sci.
U.S.A. 92, 3948–3952. doi:
10.1073/pnas.92.9.3948
Shihabuddin, L. S., Horner, P. J., Ray,
J., and Gage, F. H. (2000). Adult
spinal cord stem cells generate neu-
rons after transplantation in the
adult dentate gyrus. J. Neurosci. 20,
8727–8735.
Snyder, J. S., Glover, L. R., Sanzone,
K. M., Kamhi, J. F., and Cameron,
H. A. (2009). The effects of exercise
and stress on the survival and mat-
uration of adult-generated gran-
ule cells. Hippocampus 19, 898–906.
doi: 10.1002/hipo.20552
Song, H., Stevens, C. F., and Gage,
F. H. (2002). Astroglia induce
neurogenesis from adult neural
stem cells. Nature 417, 39–44. doi:
10.1038/417039a
Stone, S. S., Teixeira, C. M., Devito,
L. M., Zaslavsky, K., Josselyn, S.
A., Lozano, A. M., et al. (2011).
Stimulation of entorhinal cor-
tex promotes adult neurogenesis
and facilitates spatial memory.
J. Neurosci. 31, 13469–13484. doi:
10.1523/JNEUROSCI.3100-11.2011
Sultan, S., Gebara, E., and Toni, N.
(2013). Doxycycline increases
neurogenesis and reduces
microglia in the adult hippocam-
pus. Front. Neurosci. 7:131. doi:
10.3389/fnins.2013.00131
Sun, B., Halabisky, B., Zhou, Y., Palop,
J. J., Yu, G., Mucke, L., et al. (2009).
Imbalance between GABAergic
and glutamatergic transmission
impairs adult neurogenesis in an
animal model of alzheimer’s dis-
ease. Cell Stem Cell 5, 624–633. doi:
10.1016/j.stem.2009.10.003
Tashiro, A., Makino, H., and Gage, F.
H. (2007). Experience-specific func-
tional modification of the dentate
gyrus through adult neurogenesis: a
critical period during an immature
stage. J. Neurosci. 27, 3252–3259.
doi: 10.1523/JNEUROSCI.4941-06.
2007
Tashiro, A., Sandler, V. M., Toni,
N., Zhao, C., and Gage, F. H.
(2006). NMDA-receptor-mediated,
cell-specific integration of new
neurons in adult dentate gyrus.
Nature 442, 929–933. doi: 10.1038/
nature05028
Taupin, P. (2007). BrdU immuno-
histochemistry for studying adult
neurogenesis: paradigms, pit-
falls, limitations, and validation.
Brain Res. Rev. 53, 198–214. doi:
10.1016/j.brainresrev.2006.08.002
Thuret, S., Toni, N., Aigner, S., Yeo,
G. W., and Gage, F. H. (2009).
Hippocampus-dependent learning
is associated with adult neu-
rogenesis in MRL/MpJ mice.
Hippocampus 19, 658–669. doi:
10.1002/hipo.20550
Toni, N., Laplagne, D. A., Zhao, C.,
Lombardi, G., Ribak, C. E., Gage,
F. H., et al. (2008). Neurons born
in the adult dentate gyrus form
functional synapses with target cells.
Nat. Neurosci. 11, 901–907. doi:
10.1038/nn.2156
Toni, N., and Sultan, S. (2011).
Synapse formation on adult-born
hippocampal neurons. Eur. J.
Neurosci. 33, 1062–1068. doi:
10.1111/j.1460-9568.2011.07604.x
Toni, N., Teng, E. M., Bushong, E. A.,
Aimone, J. B., Zhao, C., Consiglio,
A., et al. (2007). Synapse forma-
tion on neurons born in the adult
hippocampus. Nat. Neurosci. 10,
727–734. doi: 10.1038/nn1908
Van Praag, H., Christie, B. R.,
Sejnowski, T. J., and Gage, F.
H. (1999a). Running enhances neu-
rogenesis, learning, and long-term
potentiation in mice. Proc. Natl.
Acad. Sci. U.S.A. 96, 13427–13431.
doi: 10.1073/pnas.96.23.13427
Van Praag, H., Kempermann, G.,
and Gage, F. H. (1999b). Running
increases cell proliferation and
neurogenesis in the adult mouse
dentate gyrus. Nat. Neurosci. 2,
266–270. doi: 10.1038/6368
Van Praag, H., Kempermann, G.,
and Gage, F. H. (2000). Neural
consequences of environmental
enrichment. Nat. Rev. Neurosci. 1,
191–198. doi: 10.1038/35044558
Van Praag, H., Schinder, A. F., Christie,
B. R., Toni, N., Palmer, T. D., and
Gage, F. H. (2002). Functional neu-
rogenesis in the adult hippocam-
pus. Nature 415, 1030–1034. doi:
10.1038/4151030a
Wagner, J. P., Black, I. B., and Dicicco-
Bloom, E. (1999). Stimulation of
neonatal and adult brain neuro-
genesis by subcutaneous injection
of basic fibroblast growth factor.
J. Neurosci. 19, 6006–6016.
Wake, K., Yamazaki, H., Hanzawa, S.,
Konno, R., Sakio, H., Niwa, A.,
et al. (2001). Exaggerated responses
to chronic nociceptive stimuli
and enhancement of N-methyl-
D-aspartate receptor-mediated
synaptic transmission in mutant
mice lacking D-amino-acid oxi-
dase. Neurosci. Lett. 297, 25–28.
doi: 10.1016/S0304-3940(00)
01658-X
Wang, L. P., Kempermann, G., and
Kettenmann, H. (2005). A sub-
population of precursor cells in
the mouse dentate gyrus receives
synaptic GABAergic input. Mol.
Cell. Neurosci. 29, 181–189. doi:
10.1016/j.mcn.2005.02.002
Watanabe, Y., Saito, H., and Abe,
K. (1992). Effects of glycine and
structurally related amino acids on
generation of long-term potentia-
tion in rat hippocampal slices. Eur.
J. Pharmacol. 223, 179–184. doi:
10.1016/0014-2999(92)94837-L
Xie, X., Dumas, T., Tang, L.,
Brennan, T., Reeder, T., Thomas,
W., et al. (2005). Lack of
www.frontiersin.org August 2013 | Volume 7 | Article 155 | 9
Sultan et al. D-serine increases adult hippocampal neurogenesis
the alanine-serine-cysteine
transporter 1 causes tremors,
seizures, and early postnatal
death in mice. Brain Res. 1052,
212–221. doi: 10.1016/j.brainres.
2005.06.039
Yamaguchi, M., Saito, H., Suzuki, M.,
and Mori, K. (2000). Visualization
of neurogenesis in the central
nervous system using nestin
promoter-GFP transgenic mice.
Neuroreport 11, 1991–1996.
doi: 10.1097/00001756-20000
6260-00037
Yang, C. P., Gilley, J. A., Zhang, G.,
and Kernie, S. G. (2011). ApoE
is required for maintenance of the
dentate gyrus neural progenitor
pool. Development 138, 4351–4362.
doi: 10.1242/dev.065540
Yang, Y., Ge, W., Chen, Y., Zhang,
Z., Shen, W., Wu, C., et al.
(2003). Contribution of astro-
cytes to hippocampal long-term
potentiation through release of
D-serine. Proc. Natl. Acad. Sci.
U.S.A. 100, 15194–15199. doi:
10.1073/pnas.2431073100
Yao, J., Mu, Y., and Gage, F. H.
(2012). Neural stem cells: mecha-
nisms and modeling. Protein Cell 3,
251–261. doi: 10.1007/s13238-012-
2033-6
Zhao, C., Deng, W., and Gage, F.
H. (2008). Mechanisms and
functional implications of adult
neurogenesis. Cell 132, 645–660.
doi: 10.1016/j.cell.2008.01.033
Conflict of Interest Statement: The
authors declare that the research
was conducted in the absence of any
commercial or financial relationships
that could be construed as a potential
conflict of interest.
Received: 03 June 2013; accepted: 12
August 2013; published online: 29 August
2013.
Citation: Sultan S, Gebara EG, Moullec
K and Toni N (2013) D-serine increases
adult hippocampal neurogenesis. Front.
Neurosci. 7:155. doi: 10.3389/fnins.
2013.00155
This article was submitted to
Neurogenesis, a section of the journal
Frontiers in Neuroscience.
Copyright © 2013 Sultan, Gebara,
Moullec and Toni. This is an open-access
article distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or repro-
duction in other forums is permitted,
provided the original author(s) or licen-
sor are credited and that the original
publication in this journal is cited, in
accordance with accepted academic prac-
tice. No use, distribution or reproduction
is permitted which does not comply with
these terms.
Frontiers in Neuroscience | Neurogenesis August 2013 | Volume 7 | Article 155 | 10
